In the Eastern North Atlantic Ocean iron (Fe) speciation was investigated in three size fractions: the dissolvable from unfiltered samples, the dissolved fraction (o 0.2 mm) and the fraction smaller than 1000 kDa ( o 1000 kDa). Fe concentrations were measured by flow injection analysis and the organic Fe complexation by voltammetry. In the research area the water column consisted of North Atlantic Central Water (NACW), below which Mediterranean Overflow Water (MOW) was found with the core between 800 and 1000 m depth. Below 2000 m depth the North Atlantic Deep Water (NADW) proper was recognised. Dissolved Fe and Fe in the o 1000 kDa fraction showed a nutrient like profile, depleted at the surface, increasing until 500-1000 m depth below which the concentration remained constant. Fe in unfiltered samples clearly showed the MOW with high concentrations (4 nM) compared to the overlying NACW and the underlying NADW, with 0.9 nM and 2 nM Fe, respectively. By using excess ligand (Excess L) concentrations as parameter we show a potential to bind Fe. The surface mixed layer had the highest excess ligand concentrations in all size fractions due to phytoplankton uptake and possible ligand production. The ratio of Excess L over Fe proved to be a complementary tool in revealing the relative saturation state of the ligands with Fe. In the whole water column, the organic ligands in the larger colloidal fraction (between 0.2 mm and 1000 kDa) were saturated with Fe, whereas those in the smallest fraction ( o1000 kDa) were not saturated with Fe, confirming that this fraction was the most reactive one and regulates dissolution and colloid aggregation and scavenging processes. This regulation was remarkably stable with depth since the alpha factor (product of Excess L and K 0 ), expressing the reactivity of the ligands, did not vary and was 10 13 . Whereas, in the NACW and the MOW, the ligands in the particulate (4 0.2 mm) fraction were unsaturated with Fe with respect to the dissolved fraction, thus these waters had a scavenging potential.
Introduction
Dissolved iron (DFe) in seawater ( o0.2 mm) consists of several size classes of colloidal Fe next to an operationally defined soluble pool ( osmallest size cut-off ultra-filtration; Nishioka et al., 2005) . Organic Fe(III)-complexes exist within both the colloid pool(s) and the soluble pool and are characterised by a very high conditional binding strength (log K 0 E20-23; Gledhill and van den Berg, 1994) . These organic ligands bind Fe(III) so strongly that more than 99% of Fe in the oceans is in the organically complexed form (Rue and Bruland, 1997; Boye and van den Berg, 2000; Croot et al., 2001; Gerringa et al., 2006) . Therefore ligands prevent Fe(III) from precipitating as oxyhydroxides and enable Fe to remain dissolved above concentrations determined by the solubility product (Kuma et al., 1996; Millero, 1998) . In the ocean surface layer the speciation of Fe regulates its availability to phytoplankton and other micro-organisms, which also influence the Fe speciation: on the one hand Fe is consumed by these micro-organisms and on the other hand they can produce organic ligands (Rue and Bruland, 1997; Boye and van den Berg, 2000; Croot et al., 2001; Gerringa et al., 2006) . In the deep ocean, organic complexation and the distribution over different size fractions determines precipitation and adsorption on particles. The quasi-equilibrium competition between dissolved organic complexation, colloid size class particles and fine suspended particles is deemed to control the removal by scavenging via settling of large particles and thus the deep ocean residence time of Fe (Fig. 1 , made after de Baar and . According to Nishioka and Takeda (2000) and Nishioka et al. (2005) the small colloidal fraction (in their papers defined as between 200 kDa and 0.2 mm) is a very reactive fraction. Moreover Bergquist et al. (2007) concluded that variations in dissolved Fe are due to changes in the colloidal fraction (in their paper between 0.02 and 0.4 mm) in the Atlantic Ocean. Here we investigate the processes of solubilisation through complexation versus scavenging and precipitation ( Fig. 1) to gain insight into the cycling of Fe by sampling a deep profile at a station in the Eastern North Atlantic Ocean. Therefore we focus on size fractionation within the Fe-pool to study the organic complexation of Fe in three size fractions: the unfiltered samples (UNF), the dissolved fraction ( o0.2 mm) and the fraction smaller than 1000 kDa.
Material and methods

Sampling and filtration
Samples were collected aboard R.V. Pelagia between April 11 and April 26, 2007, during the IPY-Geotraces (GEOTRACES Science Plan, 2006) cruise (64PE267) in the Eastern North Atlantic Ocean off the coast of Portugal (Fig. 2) . Water samples were collected from station 14 (39144 0 N-14110 0 W), where six hydrocasts were performed for trace metals and nutrients (casts 1, 4, 5, 7, 18 and 20, Middag et al.,  submitted for publication). The first cast was sampled on April 19 for size fractionation and the measurements of organic speciation of Fe.
Analyses of Fe and the ligand characteristics were done on samples in three different size fractions:
1. Unfiltered samples (UNF), also called dissolvable fraction, containing the particulate fraction ( 40.2 mm), 2. The dissolved fraction, defined as o0.2 mm, 3. The fraction smaller than 1000 kDa ( o1000 kDa), containing the truly soluble and also the small colloidal fraction.
Fe in the unfiltered fraction is called Fe UNF ; Fe in the dissolved fraction is DFe and Fe in the fraction smaller than 1000 kDa is Fe o 1000 kDa .
Samples were taken using 24 internally Teflon-coated PVC 12 l GO-FLO samplers (General Oceanics Inc.) mounted on the Titan Mk. II frame which was connected to a Kevlar hydrowire (de Baar et al., 2008) . Immediately upon recovery the frame was placed inside a clean container for a direct sub-sampling from each GO-FLO sampler. First, the unfiltered samples were taken, after which the seawater left was filtered over a 0.2 mm pore size filter cartridge (Sartobran-300, Sartorius) under slight nitrogen gas overpressure. All sample bottles (used for storage of reagents and samples for trace metals) were Low Density Poly Ethylene bottles (LDPE, Nalgene) with volumes ranging from 60 ml (Fe analysis by FIA) to 1000 ml (Fe speciation), and were trace metal cleaned according to the procedure described in Middag et al. (2009) . Ultra-filtration of the 0.2 mm filtered water was performed in a clean room onboard, using hollow-fibre-filters (Sterapore, Mitsubishi-rayon Co., Ltd.) with a size cut-off of 1000 kDa (Nishioka et al., 2001 ) using a 12 channels (ISM 937, Ismatec, IPC-N) pump and Tygon s LFL (Long Flex Life) tubing. Before the cruise, the polyethylene hollow-fibre-filters were treated according to the following protocol (after Nishioka et al., 2001) : They were activated by pumping 15 ml of three times quartz distilled (3QD)-methanol (flow rate of 5 ml min À 1 ), then rinsed with 30 ml MQ water. They were left soaking for 3 days in an HCl bath (1 M, Suprapur, Merck) during which each day 25 ml of HCl 1 M was pumped through the filter (5 ml min À 1 ). Then, they were rinsed with MQ water (140 ml, 7 ml min À 1 ) and stored in acid-cleaned polypropylene tubes closed by caps and filled with acidified MQ water (0.02 M HCl, Suprapur, Merck). Before use on board the ship the filters were rinsed by pumping MQ water (300 ml, 7 ml min À 1 ) and the sample itself (200 ml, 7 ml min À 1 ).
A mass balance was measured in 4 samples from the Southern Ocean. Two samples from the surface layer, containing 0.134 and 0.162 nM Fe, respectively, and two deep samples near the sediment containing 0.870 and 0.994 nM Fe, respectively, were used. The sum of the colloidal (here assumed to be between 1000 kDa and 0.2 mm) and o1000 kDa fractions was compared with the dissolved fraction (o0.2 mm). This resulted for the Excess L concentration in surface samples in a gain of Excess L concentration of 0.23 Eq of nM Fe and in the deep samples in a In the surface layer phytoplankton consumes Fe and produces organic ligands. Photo-reduction of Fe is indicated in grey since it is not considered in this paper. Organic ligands in the dissolved fraction ( o 0.2 mm) and within the smaller fraction (o 1000 kDa) increase the residence time of Fe in the ocean by binding Fe, thus keeping the concentration of inorganic Fe low, preventing from precipitation as oxy-hydroxides, and restricting scavenging via adsorption onto particles. Finally, colloid aggregation is a possible pathway for removing Fe from the dissolved phase. loss of 0.05 Eq of nM Fe, whereas no Fe contamination was detected in the filtrate and in the retentate.
Iron analysis in unfiltered (Fe UNF ) samples and samples o1000 kDa was done from the same cast (Cast 1). Unfortunately, the results of DFe from this cast could not be used due to a contamination of the FIA chemiluminescence system by the buffer; therefore, the DFe concentrations from cast 18 (April 24) were used to calculate the speciation (see next).
To overcome problems with the interpretation of the results due to variations between casts in DFe over the period of sampling, speciation data was interpreted as ''Excess L'' concentrations ([Excess L] fraction ¼[Lt] fraction À [Fe] fraction ). Excess L represents the empty binding sites for Fe (concentration of empty ligand sites for Fe), thus a potential for binding Fe. The use of Excess L for interpretation of the organic complexation of Fe was also used by others (Rijkenberg et al., 2008a; Boye et al., 2001) .
Nutrient, DFe, DMn and DAl data showed very little variation between the different casts (Middag et al., submitted for publication) indicating that water masses did not change in time. Indeed, standard deviations in DFe between casts 18 and 20 were very small (0.04 nM Fe on average). Salinity (conductivity), temperature and depth (pressure) were measured with the CTD (Seabird SBE 911+ ) mounted on the titanium frame (de Baar et al., 2008) .
Iron analyses
Iron analyses were done by an in-line flow injection analysis (FIA) system using chemiluminescence as a detection method (De Jong et al., 1998) . This method was slightly modified, as described next. Samples were acidified to pH 1.8 using 12 M ultraclean HCl (Baseline s Hydrochloric Acid, Seastar Chemicals Inc.). The filtered samples ( o0.2 mm and o1000 kDa fractions) were measured directly onboard and left acidified for at least 12 h before analysing. The unfiltered samples were acidified in the same way, but they were stored 1 year before being analysed in the home laboratory using the same system and procedure in a class 100 clean-room.
The method analyses Fe(III), therefore hydrogen peroxide (Merck suprapur 30%) solution was added (60 ml of a 1%) at least 1 h before analysis to ensure oxidation of the Fe(II) present (Lohan et al., 2005) . The acidified samples were preconcentrated over a Toyopearl AFChelate 650 M (TesoHaas Germany) column during 120 s. Subsequently the column was rinsed with MQ for 60 s, after which Fe was eluted with 0.4 M HCl (Suprapur, Merck) for 120 s and injected in the photon counter (Hamamatsu HC 135). The system was controlled by an interface developed in LabView. This method is described in more detail by Klunder et al. (in press) . The standard deviation of the duplicate measurements (dissolved fraction) or triplicate measurements ( o1000 kDa fraction and unfiltered samples) of one sample was lower than 5%. The blank, i.e. the background value of Fe in the MQ water and chemicals, is defined as the calculated amount of photons measured at 0 s loading time. Blank values varied slightly between the different days, but did not exceed 80 pM. The lowest detection limit, defined as three times the standard deviation of the blank (De Jong et al., 1998) , was 11, 1 and 8 pM for the measurements of the unfiltered, dissolved and o1000 kDa fractions, respectively. SAFe reference water D2 was measured for validation of the system; we found 0.8970.01 nM (n ¼2) for SAFe D2. This corresponds well with the value of 0.9170.17 nM (Johnson et al., 2007) .
Determination of iron speciation
The three size-fractions (unfiltered, o0.2 mm and o1000 kDa)
were subjected to Fe titration and voltammetry on board. Unfiltered samples were kept in the dark at 4 1C and measured within 3 days to avoid any influence of biological activity. The two smaller size fractions were kept frozen if analysis could not be performed within 4 days. 2.3.1. Voltammetric procedure and sample treatment Organic complexation of iron was determined by competing ligand exchange-adsorptive stripping voltammetry (CLE-AdSV) using 2-(2-thiazolylazo)-p-cresol (TAC) as a competing ligand (Croot and Johansson, 2000) . The voltammetric equipment consisted of a mAutolab potentiostat (Type II, Ecochemie, The Netherlands), a mercury drop electrode (model VA 663 from Metrohm). The mercury drop size was approximately 0.25 mm 2 . The reference electrode was double-junction, Ag/AgCl, 3 M KCl, with a salt bridge filled with 3 M KCl and a glassy carbon counterelectrode. Samples were stirred with a PTFE Teflon stirrer (3000 rpm). A current filter (Fortress 750, Best Power) to which the equipment was linked was used to prevent electrical noise.
Samples were pipetted into 13 Teflon bottles including 2 blanks (15 ml each). Seawater was buffered to pH 8.05 by adding a mixed NH 3 /NH 4 OH borate buffer. The buffer stock was 1 M boric acid (Suprapur, Merck) in 0.25 M ammonia (Suprapur, Merck) cleaned through a SepPak C18 column with 20 mM TAC. A stock of 0.02 M TAC was prepared in 3QD-methanol for a final concentration of 10 mM in seawater (Croot and Johansson, 2000) . For the titrations a series of additions of Fe(III) standard from 0 to 8 nM was done in Teflon bottles with a stock of 10 À 6 M Fe(III) (prepared in 0.03 M HCl, Seastar chemicals Inc.). The titration series was left overnight to equilibrate before measurement. Before each titration series, the voltammetric Teflon cell was cleaned using blank solution. The chemical blank was below the detection limit of the method, being 0.027 nM [Fe(TAC) 2 ] obtained by calculating three times the noise.
All Teflon vials were conditioned two times beforehand by preparing a titration with iron additions (0.33, 0.5, 0.67, 1, 1.5, 2, 2.5, 3, 4, 6, 8 nM).
Each equilibrated aliquot was transferred into the voltammetric Teflon cell and purged with nitrogen for 180 s. The differential pulse method was used. The deposition potential of À 4 V was applied during 140-200 s and the sample was stirred to allow a better adsorption of the complex Fe-(TAC) 2 on the mercury drop. An equilibration time of 5 s without stirring was done before scanning between -0.4 and À 0.7 V at 1.95 mV s À 1 (modulation amplitude was 25.05 mV). Modulation time was 0.01 s and interval time was 0.1 s. The visible peak due to the dissociation of the Fe-complex was found between À0.460 and À0.500 V. Each measurement was done at least twice.
Calculation of iron speciation.
Ligand concentrations [Lt], conditional stability constants log K 0 and their respective standard deviations were calculated using the Langmuir model (Eq. (1), nonlinear regression of the Langmuir isotherm, Gledhill and van den Berg, 1994; Gerringa et al., 1995) . By using the Langmuir model it is assumed that equilibrium between all Fe(III) species exists, all binding sites between Fe and the unknown ligand Lt are equal and binding is reversible. Eq. (1) assumes the existence of one organic ligand, and a one to one coordination: 
[Fe fraction ] is the iron concentration measured by FIA in the unfiltered (Fe UNF ), the dissolved (DFe) and in the o1000 kDa fractions (Feo 1000 kDa ). [Fe added ] is the added iron from the titration:
where [Fe(TAC) 2 ] represents the concentration of the iron bound to TAC calculated by dividing the peak height (nA) by the slope (S ¼sensitivity) of the straight part of the titration curve. The sensitivity has been corrected for the influence of ligand sites not yet saturated, as explained by Turoczy and Sherwood (1997) and Hudson et al. (2003) . The correction here was not done by an iterative procedure but by an algebraic solution of the equilibrium equations, in which S is determined together with Lt and K 0 . The estimated parameters are given with standard deviation of the fit of the data to the model:
with b Fe(TAC)2 the conditional stability constant of iron with TAC assuming an equilibrium:
with [TAC] ¼10 À 5 M (Croot and Johansson, 2000) .
Results
Station 14 was located west of the coast of Portugal, north of the Strait of Gibraltar (Fig. 2) . A surface mixed layer (SML) of about 50 m depth existed with relatively constant salinity (36.05) and decreasing potential temperature (15.3-14.8 1C, Fig. 3 ). Below the SML both the potential temperature and salinity decreased to a minimum of 11.5 1C and 35.7, respectively, at about 550 m depth. Below this depth, both salinity and potential temperature increased again, but to separate maxima around 1100 and 800 m depth, respectively, representing the lower and upper cores of the Mediterranean overflow water (MOW, Ambar et al., 2008; Fig. 3 ). The minimum of salinity and potential temperature at 550 m depth separated the MOW and the NACW (van Aken 2001). At about 2000 m depth the NADW proper was found and below 4000 m low deep water was recognised, with Antarctic bottom water (AABW) influence (for more details, see Measures et al., 1995; Laës et al., 2003) .
The fluorescence (given by the CTD sensor in relative arbitrary units) showed maximum values of 0.8 at 38 m depth, and decreased to values o0.1 below 120 m depth (Fig. 4) . The fluorescence provides an indication of the abundance of Chlorophyll a, i.e. the abundance of phytoplankton.
Iron was measured in three size fractions (Tables 1A, B , 2B, Fig. 5 ). The Fe o 1000 kDa concentrations (Table 1B) were very low; 0.02 nM in the SML increasing gradually to 0.22 nM at 2000 m and to 0.143 nM at 4000 m depth (bottom depth at station 14 was 5300 m). The concentrations of DFe showed a typical Fe profile shape, with very low values (0.1 nM) in the SML. The concentrations of DFe increased to a maximum of 0.69 nM at 500 m. Slightly lower concentrations were measured at mid-depth in the MOW (0.57 nM at 1000-2000 m depth) below which they increased again to concentrations of 0.65-0.7 nM at 3000-4000 m depth. Iron in the unfiltered (Fe UNF ) samples was measured at the lowest concentrations in the SML (0.95 nM). A broad maximum concentration was found in the MOW (4.1 nM). Below the MOW the concentrations decreased to values close to and lower than 2 nM.
A small maximum of 2.77 nM (one data point only) was also measured at 200 m depth.
The ligand characteristics are presented in Tables 1 and 2 , where the total ligand concentration Lt is shown together with Excess L concentrations. The total ligand concentrations Lt more or less followed the Fe concentrations from the same fraction. Showing Excess L (Fig. 6 ) the data is made almost (see discussion) independent of the used Fe concentration. In this study this was relevant for two reasons: first because DFe concentration was measured, although at the same station, in samples from a different cast (18) than the cast (1) in which the speciation measurements were done; second because the measured Fe UNF (dissolvable) was not necessarily the reversibly complexed Fe in those unfiltered samples. It is to be expected that not all Fe UNF is bound reversibly to ligand and adsorption sites. However, it is unknown which percentage is irreversibly bound. For example inside mineral particles Fe is refractory (not dissolvable) at normal ocean pH conditions (pH$ 8) but may (partly) have dissolved during the 1 year acidification at the pH 1.8. In order to better understand the influence of an unknown concentration of Fe (not participating in reversible adsorption and ligand binding) on the results of the concentrations of ligand and Excess L and on K 0 , the speciation data of the unfiltered fraction was calculated with the two extreme Fe concentrations, the minimum being the DFe concentration and the maximum being Fe UNF concentrations (dissolvable).
The Excess L concentrations of the dissolved and o1000 kDa fractions were relatively high in the surface SML, 1.08 and 1.32 Eq of nM Fe, respectively (Tables 1 and 2 and Fig. 6 ). Below the SML Excess L concentrations in both fractions decreased steeply to 0.45 and 0.40 Eq of nM Fe, respectively. Excess L in the o1000 kDa fraction had a small maximum at 500 m depth (near 1 Eq of nM Fe). Both fractions (dissolved and o1000 kDa) showed an increase in Excess L concentrations from the MOW to 2000 m depth from 0.2 to 1 and 0.5 to 0.7 Eq of nM Fe, respectively, and remained more or less constant with depth below 2000 m. Excess L in the unfiltered samples have comparable concentrations for the calculations using two different Fe concentrations (DFe and Fe UNF ), thus proving that the Excess L concentration as such is To determine the relation between the concentration of Excess L and Fe within the same fraction, the ratio of the two concentrations ([Excess L]/[Fe]) was used (Fig. 7, Tables 1 and 2) . The Excess L over Fe was evident in the surface layer for all fractions (Thuró czy et al., in press) . Relatively more Excess L sites were present in the smallest size fractions. The conditional stability constant K 0 of the binding between the ligands and Fe was more or less equal for the two finer fractions, average values being 10 22.38 and 10 22.22 for dissolved and o1000 kDa, respectively (Tables 1A and B ). The value of K 0 of the unfiltered samples was comparable when DFe concentrations were used (average K 0 ¼10 22.39 ) but higher (average K 0 ¼10 22.86 ) when the Fe UNF concentrations were used (Tables 2A and B ).
Discussion
Iron
The concentrations of DFe measured here were comparable to Fe profiles more to the south west of the Canary Islands reported by Sarthou et al. (2007) , de Baar et al. (2008) and Rijkenberg et al. (2008a) No distinction between MOW and the other water masses could be made in the concentrations of DFe. However, there was a strong signal in Fe concentrations of the unfiltered samples. Fe UNF was much higher in the MOW than in the Atlantic water masses, which was not observed Sarthou et al. (2007) because of a different sampling strategy.
The position of the MOW in the water column did not make possible the interpretation of processes occurring as gradual trends with increasing depth, as discussed by Wu et al. (2001) . Apparently the high Fe UNF in the MOW was transported mainly laterally. Our station was located relatively far away from the Mediterranean outlet. The net horizontal velocity of lenses of MOW is of the order of a few cm/s (after Ambar et al., 2008) , although the velocity within the whirls is much larger (up to 60 cm/s; Ambar et al., 2008) . The MOW would have taken at least a few months if not more than a year to reach our sampling location. The vertical sinking velocity of diatoms is a relatively high (15-100 m per day for Chaetoceros sp. according to Passow, 1991 and van Haren et al., 1998) . Within 50 days they would have sunk out of the MOW. Therefore, the particles containing Fe remaining in the MOW must be of a colloidal nature. It must be noted that the sparse sampling below the MOW did not permit further interpretation of these processes.
Fe-binding ligands
High concentrations of Fe-binding ligands in the surface layer have also been observed by Gerringa et al. (2006) in the Atlantic Ocean west of the Canary Islands and by Thuró czy et al. (in press) in the Atlantic sector of the Southern Ocean, who found high concentrations but also large variations in the dissolved organic ligand concentration above the chlorophyll maximum. A relation between phytoplankton characteristics and ligand concentrations existed within and below the chlorophyll maximum (Gerringa et al., 2006) . In the present study, although the sampling was not directed towards small scale differences in the vertical upper layer of the ocean, the highest concentrations of ligands were found at 50 m depth in the dissolved and o1000 kDa fractions, indicating that phytoplankton could be the source of dissolved organic ligands, as observed by others (Rue and Bruland, 1997; Boye et al., 2001; Croot et al., 2001) . In the upper 100 m, the K 0 values in the dissolved fraction of this research (10 20.9 -10 21.7 ) fitted the range of those found by Gerringa et al. in the upper 150 m (2006; 10 19.8 -10 22.7 ) in the same fraction. Also Boye et al. (2003) found relatively low K 0 values in surface waters at 411N (10 20.6 -10 21 ). This indicated that the ligands presumably coming from the phytoplankton are relatively weak, supporting the conclusion of Rijkenberg et al. (2008b) that phytoplankton can modify ligand characteristics. Others stated that ligands related to phytoplankton activity belong to the relatively strong ligand group (Rue and Bruland, 1997; Cullen et al., 2006; Hunter and Boyd, 2007) .
The results in Table 2 from the calculation of the ligand characteristics of unfiltered samples using two different Fe concentrations, DFe and Fe UNF , illustrated that Excess L concentration was hardly influenced by the Fe concentration. This is valid as long as the titration data fits well to the model of Langmuir. Indeed, the discrepancies in Excess L concentrations at 500 and 3000 m depth for unfiltered sample were caused by a relatively bad fit of the model. By adding Fe UNF to the Excess L concentration, the upper limit of the total ligand concentration was obtained (Table 2B) , whereas the lower limit was obtained by the addition of the DFe (Table 2A ). However, the K 0 values were quite different between the two calculations (Table 2) . Consequently, a 2.2-7.3 times higher [Fe fraction ] (Eq. (2)) resulted in a 1.24-7.16 higher K 0 value leading to a difference in log K 0 of 0.09-0.85. Therefore the calculation of K 0 is sensitive to refractive Fe that is irreversibly bound in colloids or particles and can be artificially increased by a too high [Fe fraction ]. Part of Fe bound in the high molecular weight fraction (between 1000 kDa and 0.2 mm) may be not exchangeable, as already suggested by Cullen et al. (2006) . Hitherto it was assumed that all Fe in the samples was reversibly bound by ligands. This assumption has consequences on parameters as the alpha factor which would be overestimated. Alpha (Tables 1 and 2) , the product of K 0 and the Excess L, represents the reactivity of the ligands and reflects the equilibrium between Fe and ligands. A high alpha favours Fe solubilisation via organic complexation (large Excess L, or strong ligands, or both). Reversely, a low alpha favours Fe loss from solution via precipitation and or scavenging. Wu et al. (2001) showed that soluble Fe (defined as o10 kDa) and soluble ligands were depleted in surface waters, then increased to a maximum at 100 m depth, after which they both decreased most likely due to colloid aggregation and scavenging of Fe. They concluded that a competition exists between empty soluble ligand sites and adsorption sites on colloids and particles, and that colloid aggregation may cause a net export of Fe from the water column to the sediments (Fig. 1) . Although we do not have the smallest size fraction of the truly soluble ( o10 kDa), the two dissolved size fractions and the unfiltered samples allow us to see trends due to colloid aggregation or solubilisation with depth. The ratio of Excess L over Fe ([Excess L]/[Fe]) per size fraction indicates a relative competitive force (Thuró czy et al., in press, using [Lt]/[Fe]) since it reflects the relative saturation of the natural ligands with Fe. A ratio near 0 means saturation of the Excess L that can lead to Fe precipitation if Fe is dissolved and scavenging if Fe is in the particulate fraction ( 40.2 mm). Reversely, high ratios in the dissolved fractions mean Fe depletion and a high potential for Fe solubilisation. For the two smaller size fractions ( o0.2 mm and o1000 kDa, Fig. 7 , Table 1 ), [Excess L]/[Fe] was high in the surface followed by a steep decrease to reach low and more or less constant values with depth. Surface ratios of 11 and 45 decreased to 2-0.4 and 3-10 (for o0.2 mm and o1000 kDa, respectively); thus a high potential for binding Fe inputs (by rain, dust or remineralisation) existed. Ligands were unsaturated because of Fe uptake by phytoplankton.
Complexation versus scavenging in the water column
According to Bergquist et al. (2007) , the variability of DFe with depth is due to the variability of the colloidal Fe (between 0.02 and 0.4 mm; here colloidal Fe is assumed to be between 1000 kDa and 0.2 mm), illustrated by the linear relationship [Fe o 0.4 mm ]¼ 1.18 [Fe 0.02-0.4 mm ]+ 0.29 (R 2 ¼0.85). A slope of 1.18 being near 1 showed that the changes in concentrations were attributed to the colloidal Fe pool, and that the soluble Fe concentration remained 0.29 nM. We also found a similar relationship: [Fe o 0.2 mm ]¼ 1.16 [Fe 1000 kDa-0.2 mm ]+ 0.03 (R 2 ¼0.93, n¼9). The slopes were identical; however, the y-cut-off was ten times lower, nearly zero. Therefore we can conclude that colloidal Fe determines the changes in dissolved concentration, but then soluble Fe (here o1000 kDa) does not a play any role.
Since the ligands are assumed to be organic, the presence of phytoplankton and co-existing organisms like bacteria is one of the possible sources (Rue and Bruland, 1997; Butler, 1998 Butler, , 2005 Boye and van den Berg, 2000; Croot et al., 2001; Barbeau et al., 2001; Maldonado et al., 2005; Gerringa et al., 2006) . The trend of the [Excess L]/[Fe] with depth was the same for the different fractions, but the absolute values heavily depend on the Fe concentration used in the calculation for the unfiltered sample (Table 2A and B) . The ratio of Excess L between the fractions o0.2 mm and o1000 kDa (Fig. 8) was near 1 in the whole water column. It was even slightly below 1 in samples from the upper 1000 m, which is in theory not possible, as empty sites present in the smaller fraction should also be present in the total sample. Filtration might cause a disequilibrium in the samples, in which the smallest and most reactive fraction (Nishioka et al., 2001 Cullen et al., 2006) exchanges Fe during filtration. Thus empty ligand sites occur predominantly in the fraction o1000 kDa. The disequilibrium might be caused by colloidal formation as suggested by Kondo et al. (2008) ] informs us which size fraction has the highest potential to bind Fe. Theoretically these ratios should be equal or higher than 1. When the ratio is larger than one, the larger fraction has more empty ligand sites (i.e. Excess L) which are not present in the smaller fraction and has a potential to bind Fe. Between 50 and 2000 m (comprising the NACW and the MOW) a significant amount of Excess L existed in the unfiltered water ( Fig. 8) and thus pointed to processes of reversible adsorption (complexation in the dissolved fraction). This was especially the case in the NACW, and to a lesser extent in the MOW (but the ratio was still 2). Thus the potential for scavenging was larger than for solubilisation between 50 and 2000 m.
High scavenging potential above the MOW can be explained by a previous dust deposition but also by sinking phytoplankton. Although the station was not located in the centre of the Sahara dust plumes (Bowie et al., 2002; Croot et al., 2004) , Middag et al. (submitted for publication) detected the influence of dust input on dissolved Al, Mn and Fe concentrations. According to Bergquist and Boyle (2006) the residence time of Fe UNF due to dust input is 1-5 months, thus dust input could explain the high concentrations of Fe UNF . A contribution of sinking phytoplankton may partly explain the Fe UNF maximum at a depth of 200 m. Mixing with more Fe-saturated particles (ratio 2-2.5 compared to 4, Fig. 8 ) coupled with remineralisation might have resulted in solubilisation of Fe, explaining the small maximum in DFe at 500 m depth.
Scavenging only occurs if the adsorption sites on colloids or larger particles bind stronger than the dissolved organic ligands. This control can be expressed by the alpha factor of the organic ligands. Below 800 m depth, alpha of the ligands in the o1000 kDa fraction was remarkably constant at 10 13 (Table 1) . These ligands were unsaturated in the whole water column (Fig. 7) and thus 10 13 as alpha factor seems to be an equilibrium value controlling scavenging and precipitation of Fe below 800-1000 m depth (Fig. 8) . Colloid aggregation can occur in the fraction between 1000 kDa and 0.2 mm which was saturated with Fe over the whole water column.
Together with the conclusion from Wu et al. (2001) , that Fe uptake by phytoplankton is preferably done from the soluble fraction, that part of the colloidal fraction is inert, and that the same organic ligands are present in both fractions, we come to a different conclusion than Bergquist et al. (2007) who suggested that the colloidal fraction is the one that changes, whereas the soluble one does not. The saturation of the ligands in both size fractions regulates the formation of inorganic Fe-colloids and particles, in which Fe is irreversibly bound. From our research we show that the ligands in the colloidal fraction were saturated, whereas in the whole water column the ligands in the soluble fraction were not saturated (here o1000 kDa). Thus the Excess L in the soluble fraction regulates dissolution and colloid aggregation with a remarkably stable alpha factor of 10 13 . Is thus the solubility product or better the colloid aggregation product of Fe 10 13 ?
Conclusions
The concentrations of DFe and Fe o 1000 kDa followed a nutrienttype profile with depth: depleted at the surface by phytoplankton uptake, a modest increase until 500-1000 m, and more or less constant concentrations below. The Excess L concentrations of the dissolved and o1000 kDa fractions were relatively high in the SML, 1.08 and 1.32 Eq of nM Fe respectively. These high Excess L concentrations can be explained by Fe uptake increasing the empty ligand sites but also by ligand production by phytoplankton and bacteria.
The MOW was recognised by Fe UNF concentrations twice higher than in the overlying and underlying Atlantic Water masses. Here the ligands were not completely saturated, thus equilibrium between adsorption and complexation existed.
Excess L proved to be a very useful parameter since it is independent of the Fe concentration, which is not the case for total ligand concentration, alpha factor and conditional stability constant. Excess L gives information on the binding potential of the ligands, especially when expressed in the ratio Excess L/Fe which reflects the relative saturation of the ligands.
The smallest size fraction which was less saturated with Fe had relatively more Excess L ( o1000 kDa fraction bdissolved fractionbunfiltered sample), and consequently had the largest capacity to bind more Fe, confirming that this is the most reactive fraction. The ratio Excess L UNF /Excess L o 0.2 mm being larger than 1 clearly showed that above 1000-2000 m unsaturated ligands existed in the unfiltered fraction, suggesting the removal of Fe from the dissolved phase by processes of reversible adsorption, whereas below 2000 m depth precipitation would be the major process of Fe removal. In the whole water column, the organic ligands in the larger colloidal fraction (between 1000 kDa and 0.2 mm) were saturated with Fe. The controlling alpha factor of the ligands ([Excess L] Â K 0 ) of the o1000 kDa fraction was relatively constant at 10 13 in the NADW and in the MOW, and might reflect the equilibrium between dissolved and particulate in these water masses.
